The QuikChange site-directed mutagenesis methodology was applied to constructing a randomly mutagenized plasmid library simply by adding manganese to the reaction mixture. This method is superior to the normally employed Pol I-type polymerase-based errorprone PCR in that (i) it does not require a subsequent ligation reaction, and (ii) there is no accumulation of mutations at the same site. -Complementation analysis and subsequent sequence analyses of the lacZ genes in the mutated library revealed that the mutations occurred randomly within the target gene and involved all possible base substitutions.
Error-prone PCR (epPCR) is one of the most powerful and widely used methods of constructing a randomly mutagenized DNA library. 1) It has been successfully applied to the alteration of substrate specificity, 2) the improvement of thermal stability, 3) the identification of critical residues for protein-ligand interaction, 4) and so on. Hence, various strategies to introduce mutations effectively into the target gene have been developed. These include the addition of dITP and/or manganese to the reaction mixture, 5, 6) alteration of the concentration of dNTPs, and shuffling of the amplified fragments. 7) In general, epPCR is conducted using a Pol I-type DNA polymerase such as Taq DNA polymerase (Toyobo, Osaka, Japan), and the amplified fragments are inserted into an appropriate vector to generate a mutated plasmid library (Fig. 1A, left) . However, especially in TAcloning (Promega, Madison, WI), many DNA fragments amplified in epPCR are lost at this step due to the low efficiency of the ligase reaction. One can add the restriction enzyme's recognition sites at both ends of the primers in order to facilitate the ligation step, but if a mutation introduced into the amplified gene makes a new target site for the restriction enzymes, the fragment will be lost during digestion by the enzymes. The ligation step has thus limited the efficiency of library construction. Miyazaki and Takenouchi succeeded in eliminating the ligation step using megaprimers (MEGAWHOP), but this method is somewhat complicated because it requires two thermal cycles with two polymerases under different reaction conditions. 8) Fujii et al. recently developed a ligation-free, error-prone rolling circle amplification (RCA) method, in which random hexamers act as primers for 29 DNA polymerase and elongated strands are re-circularized in Escherichia coli cells by homologous recombination events. 9, 10) This method is quite simple, however, by increasing the length of a template plasmid, the number of transformants obtained is significantly decreased, perhaps due to the inefficiency of the recombination event in the cells (unpublished results).
Here we describe a simple, rapid, effective method of constructing a mutated plasmid library, that involves slight modifications of the QuikChange site-directed mutagenesis method (Stratagene, La Jolla, CA) (Fig. 1A , right). The original QuikChange method consists of the following steps: (1) amplification of the entire plasmid using a pair of complementary primers containing the desired mutations, (2) digestion by DpnI to remove the methylated parental strands selectively, and (3) transformation of an appropriate E. coli strain.
Step (1) must be performed using an -type high-fidelity DNA polymerase such as Pfu (Stratagene) or KOD DNA polymerase (Toyobo) that has no nick-translation activity.
11) The absence of nick-translation activity is essential, since the replication always terminates when the enzyme goes around and encounters the primer, which results in the formation of double-stranded DNA fragments carrying 5 0 -overhangs with complementary sequences, the fragments being consequently circularized. The circularized DNA, though it contains one nick on each strand, can be used to transform E. coli without ligation, and, as a result, an extremely large number of y To whom correspondence should be addressed. Fax: +81-76-227-7557; E-mail: hidekuma@ishikawa-pu.ac.jp Abbreviation: epPCR, error-prone PCR A, A comparison of the usual epPCR method (left) with the new method described in this study (right). Green circles indicate the strands of the parent plasmid, and black lines indicate the strands synthesized in the thermal cycles. B, Base substitutions and deletions ( ) are indicated above the sequence (black, 0.2 mM; blue, 0.4 mM; purple, 0.6 mM; light blue, 0.8 mM MnCl 2 ). The binding sites for cAMP-receptor protein (CRP) and lactose repressor (LacI), and the À35 and À10 regions, are indicated. 14, 15) transformants with plasmids containing the desired mutations is obtained.
At this point, if it is possible to lower the fidelity of the -type polymerase considerably, the QuikChange method can be converted from site-directed mutagenesis to error-prone random mutagenesis. It should be noted that a Pol I-type DNA polymerase must not be used due to its strong nick-translation activity, 12) which leads to a continuation of replication, and subsequently results in aberrant fragment amplification when the next thermal cycle occurs.
Lowering the fidelity of the -type polymerase (KOD -Plus-, Toyobo) was accomplished simply by adding manganese to the reaction mixture, as described below. The following mixture was prepared for the thermal cycle: 50 ml of 1 Â KOD -Plus-buffer containing 0.2 mM dNTPs, 1 mM MgSO 4 , 20 pmoles of primers designed to be annealed to the downstream region of the lacZ gene (forward, 5
0 -GACGGTGAAAACCTCTGA-CAC-3 0 ; reverse, 5 0 -GTGTCAGAGGTTTTCACCGTC-3 0 ), 100 ng of pUC19 (Toyobo), 1 U of the enzyme, and 0-0.8 mM MnCl 2 . The reaction was performed with 18 cycles of denaturation (94 C, 30 s), annealing (48 C, 1 min), and extension (68 C, 3 min, 1 kb/min), followed by digestion with DpnI (37 C, 1 h). One ml of each reaction mixture was used to transform E. coli DH5 (Toyobo) by the standard heat-shock method.
13) The results of -complementation analysis on the indicator plate containing 0.1 mM 5-bromo-4-chloro-3-indolyl--D-galactopyranoside are shown in Table 1 . By increasing the concentration of manganese, the occurrence rate of white and pale blue colonies increased, suggesting the successful introduction of mutations into the target gene, although the total number of tranformants was considerably lower at the high concentration of manganese, perhaps due to its inhibitory effect on the polymerase reaction and/or the introduction of mutations into thelactamase gene (only 1 ml was used in transformation). Next, from 96 transformants (24 randomly selected colonies from the four respective plates obtained by testing 0.2, 0.4, 0.6, and 0.8 mM MnCl 2 ), the plasmids were extracted and their lacZ genes were sequenced. As shown in Fig. 1B , the nucleotide substitutions occurred in a wide area of the gene, including the promoter and operator regions and the coding region. Though there were apparently hot spots of mutation (C to T in the right middle of Fig. 1B ) and deletion (ÁC in the left middle of Fig. 1B ), randomized mutations involving all possible base substations were observed (Table 2) , indicating the usefulness of this method. In this method, even if the number of thermal cycles is increased, there is no accumulation of mutations at the same site because the enzyme always uses the parent plasmid as a template (Fig. 1A, right) . This is in sharp contrast to the usual Pol I-type polymerase-based error-prone PCR, in which the elongated strand in the first cycle becomes a template in the next cycle, and thus once a mutation is introduced, it accumulates during the thermal cycles (Fig. 1A, left) . Moreover, in this method, once the oligonucleotides to be annealed to a certain vector are synthesized, it is not necessary to design specific primers for the respective target genes. Taken together, the results indicate that the method described here is a promising strategy for constructing a mutated plasmid library. 
